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ABSTRACT 
 
Server technologies such as network storage, multi-core processing, video conference and 
mobile data are contributing to the ever increasing bandwidth requirement. It has become 
challenging to meet the demand for bandwidth, energy efficient and reliable optical 
interconnects. The development of an optical communication solution is broadened from the 
initial optical interconnect from server rack-to-rack solution to intra-chip connection. The light-
emitting transistor (LET) has good potential as an optical signal source for both applications 
because of its tilted charge dynamic mechanism in the base terminal, which enables fast optical 
recombination lifetime. In 2003, Holonyak and Feng discovered the light-emitting transistor 
(LET) from their recognition that the transistor base recombination in a direct-gap (III-IV) 
material generates light related to the applied signal. The light-emitting transistor (LET) utilizes 
photon-generation from the base current in a heterojunction bipolar transistor (HBT) structure as 
an optical output that mirrors the collector electrical output. This discovery has realized a simple 
and efficient way for monolithic photonic-electronic integration. In addition, a novel hybrid-LET 
is designed to include the DC and AC regulator to give good impedance matching, high-speed 
optical modulation and low power. As the hybrid-LET is a compact one-chip solution with low 
operating power, it is an attractive solution for short haul interconnects. The work described in 
this thesis includes design and characterization of the hybrid-LET and monolithic opto-electronic 
integrated circuit OEIC using the LET. 
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1. INTRODUCTION 
 
1.1 Outline of Problem 
The emerging server technologies such as network storage, video conferencing and 
mobile data are some of the many factors that contribute to the growing bandwidth requirements. 
It has become increasingly challenging for carrier and network service providers to 
accommodate customer demand for higher bandwidth.  Optical interconnects have been 
identified as the ultimate solution for the next generation of internet connectivity. Recently, 
intensive studies on optical interconnect have been conducted for short-haul communication 
applications such as inter-system (rack-to rack) and intra-system such as board-to-board and 
chip-level optical interconnects. The market research firm Communications Industry Researchers 
(CIR) released a report recently highlighting the revenue opportunities for on-chip and chip-to-
chip optical interconnect from 2013 to 2020. In the report, CIR has forecast that the market for 
chip-level optical interconnects will increase to possibly $520 million by 2019, and it is 
projected to reach $1.02 billion by 2021 [1]. 
 
Fiber-optic networks require not only low power consumption but low cost and high 
optical bandwidth. The primary advantages of the light-emitting transistor (LET) include 
simplicity of device structure, low power consumption, ease of fabrication, low cost of assembly, 
and high bandwidth; these qualities are suitable for the short-haul optical interconnects. 
Monolithic integration using LET with other electronic components is easy because the LET is a 
three-port device with both electrical and optical output signal. The primary advantages of 
optical signaling are no cross-talk from the radiating electromagnetic fields of neighboring 
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signals and no transmission line signal integrity problem. Hence, the LET can potentially replace 
the high-speed electrical signal with an optical signal and thus realize chip-level optical 
interconnects. 
 
1.2 Organization of Work 
The thesis will first review the heterojunction bipolar transistor (HBT) operating 
principle. The HBT operating principle set the background that led to the discovery of the light-
emitting transistor (LET). Comparison among the LET, HBT as well as quantum-well diode will 
be discussed to analyze the differences in the operating principle of these devices. A review of 
previous works on LET will be presented to discuss their methods that have been used to 
improve the performance of the LET.  
 
Next, the hybrid-LET, a version of LET which incorporated the passive components to 
enhance the performance of LET, will be presented. Lastly, the monolithic opto-electronic 
integrated circuit (OEIC) using LET will be shown. This is a preliminary effort towards the 
realization of electronic-photonic integration using LET. 
  
3 
 
2 HETEROJUNCTION BIPOLAR TRANSISTOR (HBT) AND LIGHT-EMITTING 
TRANSISTOR OPERATION 
 
2.1 Heterojunction Bipolar Transistors (HBT) Operation 
In 1951, Shockley mentioned in in his patent the potential of using wide band gap 
material in the emitter to enhance the transistor performance [2]. Later in 1957, Kromer proposed 
the theory of wide band gap emitter structure to prevent hole injection from the base to the 
emitter in an n-p-n bipolar transistor [3, 4]. In HBTs, the potential barrier for the electrons 
injection (   ) is smaller than the potential barrier of the holes as shown in Fig. 1. As the carrier 
injection increases exponentially with the barrier, the differences have resulted in the emitter 
injection efficiency close to unity. This also has resulted in a higher current gain,  , in HBT. 
 
 
Fig. 1. Energy band diagram of a n-p-n heterojunction bipolar transistor operating in forward-
active mode. 
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Current gain, β=IC/IB, is defined as the base current (IB) to collector current (IC) 
amplification factor. The BE-junction is forward biased to inject electrons from emitter to base. 
The excess minority carrier in the base will diffuse to the collector. The BC-junction is reverse 
biased to create a high built-in field to sweep the electrons out as a collector current (  ). Base 
current (  ) is supplied to replenish the holes that recombined to maintain space charge 
neutrality. Four main base recombination currents occurred in the base-emitter junction: base 
recombination at the space charge region (IB, SCR), base recombination current at the contact (IB, 
CON), base surface recombination (IB, SUR) and base bulk recombination (IB, BULK) as shown in 
Fig. 2. Among the processes involved in base bulk recombination are Hall-Shockley-Read 
recombination process, Auger recombination process and radiative recombination process. 
 
 
Fig. 2. Base recombination current components in a n-p-n HBT. 
 
In an HBT with good ledge passivation, the base surface recombination (IB, SUR) process 
in the base is greatly suppressed. Some HBTs are designed with a spike as shown in Fig. 1 as a 
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“launching ramp” to inject hot electrons into the base. There are several advantages of HBT over 
homo-junction bipolar junction transistor (BJT). In BJT, the n-p-n junction is formed using 
different dopant and doping level. The BJT’s emitter is heavily doped to increase the electron 
concentration and the emitter injection efficiency. The base is lightly doped to minimize back-
injection of hole from base to emitter. Among other effects of the heavily doped emitter is the 
increase of BE-junction capacitance which can cause degeneracy and thus leads to band gap 
shrinkage (band-filling). The lightly doped base has very high resistivity and thus a thick base is 
required. In contrast, the HBT’s emitter can be lightly doped to reduce the BE-junction 
capacitance and the HBT’s base can also be highly doped to decrease the resistivity. This enables 
the HBT to operate at hundreds of gigahertz.  
 
2.2 Light-Emitting Transistor (LET) Operating Principle 
The LET was a novel idea that came from the recognition that transistor base 
recombination in a direct-gap material generates light related to the applied signal [5]. The LET 
operates similarly to a heterostructure bipolar transistor (HBT). The BE-junction is forward 
biased to inject electrons from emitter to base. The excess minority carrier in the base will 
diffuse to the collector. The BC-junction is reversed biased to create a high built-in field to 
sweep the electrons out as a collector current (IC) as shown in Fig. 3. However, unlike the HBT, 
where the bulk recombination process is suppressed, in the LET the quantum wells are used to 
enhance the radiative recombination. Base current (  ) is supplied to replenish the holes that 
recombined to maintain space charge neutrality. 
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Fig. 3: (a) Energy band diagram of an n-p-n heterojunction bipolar transistor (HBT) in normal 
active mode. (b) 3D drawing of a LET. 
 
The LET is a three-port device which produces an electrical output and an optical output 
that is in-phase with the applied electrical input as illustrated in Fig 4 (a). The electrical and 
optical outputs are shown in Fig. 4 (b) and Fig. 4 (c). At low base current the collector current 
increases slowly with every step of increase at the input base current as shown in Fig. 4(a). This 
is due to recombination at the space charge region in the BE-junction (IB, SCR), which results in 
the ideality of factor of the device ~ 2. Further increase of the base current will cause the excess 
minority carrier to recombine at the base intrinsic region (IB, BULK) and lateral recombination (IB, 
CON). There is minimal surface recombination (IB, SUR) because the LET is surface passivated to 
ensure device reliability. The power dissipated increases at higher base current and voltage, 
resulting self-heating in the LET as presented in Fig. 4 (b). The heating also causes the 
rethermalization of carriers from quantum well reduction of LET optical power as shown in Fig. 
4 (c).  
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Fig. 4. (a) Schematic of the 3-port characteristic of the LET. (b) IV-characteristic. (c) LV-
characteristic of LET at input base current from 0 to 3.6mA with increment step of 0.4mA. 
 
The operation speed of a light-emitting diode (LED) is about 1 GHz due to the minority 
carrier distribution in the active region. In a LED, as shown in Fig. 5 (a), when the carriers are 
injected from the n and p-terminals into the active region, the carriers are stored in the active 
region and thus act like a charge tank. Carriers wait to recombine in the quantum well when the 
LED is modulated. Due to the large charge storage, the optical response is slow. The fastest 
reported LED has a modulation speed of 1.7 GHz achieved by a high doping level in the active 
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region [6]. On the other hand, LET carrier distribution shows a tilted charge profile in the base of 
an n-p-n LET as shown in Fig. 5 (b). 
 
Fig. 5. (a) LED energy band diagram. (b) LET energy band diagram. 
 
The electrons injected from the emitter will diffuse toward the collector based on the 
concentration gradient. While diffusing through the base, the carriers will be collected by the 
quantum well (QW) if their radiative recombination lifetime is shorter time than the transit time 
of carriers diffusing across the base. There is less charge storage, thus leading to faster optical 
response. 
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3. HISTORY AND DEVELOPMENT OF LIGHT-EMITTING TRANSISTOR 
 
3.1 Light-Emitting Transistor: Light Emission from InGaP/GaAs Heterojunction 
Bipolar Transistor 
The first light-emitting transistor (LET) was invented in 2003 [5]. Prof. Feng, Prof. Holonyak 
and their group demonstrated a three-terminal HBT that emits light, namely, an LET, which 
potentially can be employed for display or communication purposes.  
 
Fig. 6. Illustrate the combination of quantum well diode and HBT concept which leads to the 
novel LET device.  
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LET combine both the characteristic of high-speed in a HBT and light emitting capability 
of the quantum well diode as shown in Fig. 6. The recombination process of a quantum well 
diode with a good waveguide is slow because it is based on both an electron injected from the n 
side and a hole injected from the p side [5]. In contrast, LET base has high concentration of hole 
and the injected electron recombines rapidly (bimolecularly) and does not limit the HBT 
‘‘speed.’’ The base current merely resupplies holes via relaxation to maintain charge neutrality 
[5]. 
 
Fig. 7. (a) Layer structure of graded base InGaP/GaAs HBT. (b) Top view layout of InGaP/GaAs 
HBT. (c) Silicon CCD image of light emission under normal bipolar transistor bias [5]. 
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The InGaP/GaAs HBT layer structure is shown in Fig. 7(a). It is grown by MOCVD, and 
consists of a 3500 Å GaAs collector, n = 2 X 10
16
 cm
-3
; a 600 Å carbon-doped, compositionally 
graded InGaAs base, 1.4% In, p = 4.5 X 10
19
 cm
23
; an 800 Å InGaP emitter, n = 5 X 10
17
 cm
-3
 
and a 1000 Å InGaAs emitter contact cap, n= 3 X 10
19
 cm
23
 [5].  
 
The wavelength of the LET peaks at about 885 nm because of the compositionally graded 
InGaAs base (1.4% In) [5]. The LET is designed in common emitter configuration and the 
electrical output characteristics are shown in Fig.8. At input base current (IB) 0mA, there is no 
light emission from the base layer. As the base current increases, the light emission intensity 
increases. 
 
Fig. 8. (a) I –V curve of transistor and third port light emission at different base current bias 
points for IB =1, 2, and 4 mA, respectively. (b) HBT (1 μm X 16 μm) demonstrating third port 
optical output modulation (top trace) from the base layer for input signal (lower trace) emitter to 
base junction at 1 MHz [5]. 
 
The spontaneous light emission has clearly showed the radiative recombination in the 
base of the HBT in transistor operation. Feng [5] has shown that the LET output light signal is 
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modulating in phase with the applied electrical signal. Figure 8 (b) shows the electrical input and 
light output light waveform of the LET when modulated at 1 MHz. The optical output signal has 
peak-to-peak amplitude of 375 mV at 1 MHz [5]. 
 
3.2 Quantum-Well-Base Heterojunction Bipolar Light-Emitting Transistor 
To enhance the light emission in the LET, Feng [7] has inserted two thin layers of In1-
xGaxAs (x= 85%) quantum wells (QWs) to confine the excess minority carriers for radiative 
recombination in the GaAs base layer of an InGaP/ GaAs HBT. The LET energy band diagram 
of an InGaP (n)/GaAs (p+)/GaAs (n) with two thin InGaAs quantum wells in the heavily doped 
base is presented in Fig. 9. The common emitter LET is biased in forward active mode; base-
emitter junction is forward biased and the base-collector junction is reversed biased.  
 
Fig. 9. Energy band diagram of a LET with two 50 Å InGaAs QWs inserted in the p-type GaAs 
base of an InGaP/GaAs heterojunction bipolar transistor, to confine the electron and enhance the 
recombination radiation. [7] 
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Fig. 10. Optical photomicrographs of the InGaP/GaAs QWs LET (a) when no electrical bias is 
applied and (b) when the common emitter QWs LET is biased in forward active mode with input 
base current IB =1 mA [7]. 
 
When the LET is in forward active mode, the light emission from the BE junction is 
observed and not the BC junction as shown in Fig. 10. In the BC junction, the high built-in field 
from the reverse bias causes the electrons near the collector junction to be swept out immediately 
and does not have time to recombine with a hole in the base [7]. 
  
Fig. 11. (a) Two peaks of optical emission wavelength in the QW LET because of the band-to-
band recombination in the p-type GaAs base and the base InGaAs quantum wells. (b) The LET 
electrical output and optical output response with 1GHz electrical input signal [7].  
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There are two peaks of the light emission wavelength of the LET. The first peak is 
around 910 nm and it is accounted for by the band-to-band recombination transition of GaAs in 
the base region. The second peak is 960 nm and it is due to the InGaAs QW transition [7]. Fig. 
11 (b) shows that the pattern generator is generating an electrical input signal (port 1) at 1 GHz 
with a 0.5 Vpp and it is used to modulate the base with an input base current (IB) 1 mA. The 
electrical peak voltage output (port 2) measured at collector-to-emitter is 0.7 Vpp bias at fixed 
VCE=2.5 V [7]. The output optical signal modulated at 1 GHz at port 3 is with peak-to-peak 
amplitude of 1 mV [7]. 
 
3.3 Scaling of Light-Emitting Transistor for Multi-Gigahertz Optical Bandwidth 
In early 2009, Wu [8] demonstrated that the mechanism of tilted charge of the HBLET 
enables high optical bandwidth of f3dB 4.3 GHz spontaneous light source [8]. The microwave 
layout technique is used to reduce the extrinsic parasitic capacitive delay due to lateral extrinsic 
carrier transport effects, which reduces the optical bandwidth of the LET. Other modifications to 
improve the bandwidth performance of the LET were made by adding high Al composition 
AlGaAs layer current confinement with oxide, thicker collector layer and common-collector 
topologies design to reduce the parasitic capacitances [8].  
 
The HBLET epitaxial layer structure is grown by metal-organic chemical-vapor 
deposition (MOCVD) and consists of a 3000 Å n-type heavily doped GaAs buffer layer, 
followed by the bottom cladding layers: a 500 Å n-type Al0.30Ga0.60As layer, a graded 
Al0.30Ga0.70As to Al0.90Ga0.10As buffer layer for oxidation, a 600 Å n-type Al0.98Ga0.02As 
oxidizable layer, and then a graded Al0.90Ga 0.10As to Al0.30Ga0.70As oxide buffer layer [3]. These 
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layers are followed by a 557 Å n-type sub-collector layer, a 120 Å In0.49Ga0.51P etch stop layer, 
and a 2871 Å undoped GaAs collector layer [3]. The active layer design consists of a 1358 Å 
average p-doped 3 X 10
19
 cm
−3
 AlGaAs/GaAs graded base layer with two undoped 112 Å 
InGaAs QWs designed for (λ ≈ 980 nm) [8]. Finally, the HBLET epitaxial structure is completed 
with the growth of a 511 Å n-type In0.49Ga0.51P wide-gap emitter layer, the upper cladding layers 
(the same as the bottom ones), and a 2000 Å heavily doped n-type GaAs contact layer [8].  
 
The device’s active area is designed to be a circular ring-like structure as shown in the 
inset of Fig. 12 (a). Devices with oxide aperture widths of 5, 8, and 13 μm are fabricated by 
lateral oxidation of the n-Al0.98Ga0.02As layer and the electrical and optical performances of the 
oxide aperture size scaling were studied [8]. In Wu’s paper [8], they have established that the 
devices with smaller aperture size (DA) have higher optical bandwidth due to a larger portion of 
the injected carriers being confined to the intrinsic of the base and thus increasing the current 
gain as shown in Fig. 12 (a). As the bias increases, the quantum well begins to saturate and 
device heating has limits the optical response bandwidth as shown in Fig 12 (a) and (b) [8].  
 
The maximum bandwidth optical response obtained using DA of 5, 8 and 13 μm are 4.3, 
2.8 and 1.8GHz respectively [8]. The optical spectrum of the LET is shown as an inset of Fig. 12 
(b). The spontaneous emission spectrum shows full width at half maximum (FWHM) of 76 nm 
[8]. The main reason limiting the optical bandwidth of the LET is due to the lateral extrinsic 
recombination. Smaller active area allows the current to channel into the intrinsic base of the 
LET and thus reduce the parasitic RC from the lateral edge.  
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Fig. 12. (a) HBLET I-V characteristics with emitter aperture sizes (i) DA=5 μm and (ii) DA=13 
mm, and inset SEM of a DA=5 μm HBLET. (b) HBLET optical light output L-I characteristics at 
VBC = 0 V measured from the bottom emission, with an inset of optical spectrum. (c) Optical 
response of common-collector HBLETs with emitter aperture sizes (DA) = 5, 8, and 13 μm [8]. 
 
3.4 Tilted-Charged High-Speed (7GHz) Light-Emitting Diode 
The tilted-charged light emitting diode (TCLED) is designed to have base-collector 
junction shorted intrinsically, pinning the excess minority carrier in base-collector junction to 
zero [9]. Therefore, the charge population in the base of the transistor can be modulated at 
intrinsic speeds. The effective recombination lifetime of the base,  B, is approximately the same 
as the transit time from base to collector, t [9]. 
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The epitaxial layers of the crystal used consist, upward from the substrate, of a 3000 Å n-
type doped GaAs buffer layer, a 500 Å graded Al0.30Ga0.70As confining layer, a 213 Å graded 
Al0.30Ga0.70As to Al0.90 Ga0.10As oxide buffer layer, a 595 Å n-type Al0.98Ga0.02As oxidizable 
aperture layer, and another 213 Å graded Al0.90Ga0.10As to Al0.30Ga0.70As oxide buffer layer [9]. 
A 557 Å n-type GaAs contact layer, a 120 Å InGaP etch stop layer, and a 2871 Å undoped drain 
layer are grown on top [9]. The drain layer is just beneath the 1358 Å base layer, which includes 
two undoped 112 Å InGaAs QWs and an Al0.05 Ga0.95 As layer with average doping of 3 X 10
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cm
−3 
[9]. The heterostructure emitter consists of a 511 Å n-type In0.49Ga0.51P layer, a 213 Å 
graded Al0.30Ga0.70As to Al0.90Ga0.10As oxide buffer layer, a 595 Å n-type Al0.98Ga0.02As 
oxidizable aperture layer, another 213 Å graded Al0.90Ga 0.10As to Al0.30Ga0.70As oxide buffer 
layer, and a 500 Å graded Al0.30Ga0.70As confining layer [9]. The structure is completed with a 
2000 Å GaAs top contact layer [9].  
 
 
Fig. 13. The schematic of charge flow in a tilted-charge LED with a p-type base QW active 
region [9]. 
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The asymmetric two-junction tilted-charge LED consists of a contact to the emitter layer 
and another across the base and drain layers as shown in Fig. 13. The base drain is formed by 
shorting the base and collector junction to ensure an intrinsic reverse built-in field at zero 
potential difference. The drain layer has a function similar to that of the collector in a three-
terminal LET [9]. It sweeps the excess minority carriers from base to drain by the built-in field at 
the base-drain p-n junction.  
 
Fig. 14. (a) The I-V characteristic of the tilted-charge LED and a device SEM picture (inset). (b) 
Tilted-charge LED optical light output L-I characteristic measured from the device substrate 
bottom and the output optical spectrum (inset). (c) The optical output response of the tilted-
charge LED at bias currents IE=40, 50, and 60 mA showing the ~3 dB frequency f3 dB of 3.2, 5.0, 
and 7.0 GHz, respectively [9]. 
(c) 
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The peak bottom emission of the TCLED is slightly more than 20μW  as shown in Fig. 
14 (a), and the inset shows that the TCLED has a broad radiative emission spectrum full width at 
half maximum (FWHM) of 96 nm and spectral peak λ≈1000 nm. The active area of the TCLED 
is shown as an inset in an IE-V characteristic curve as presented in Fig. 14 (b). The optical 
response of the tilted-charge LED for IE = 40, 50, and 60 mA is depicted in Fig. 14 (c). Wu [9] 
has fitted the frequency response to a single pole form,  ( )  
  
  
 
    
,  where       
 
  
. The 3 
dB bandwidth f3 dB of 7 GHz at IE = 60 mA, and corresponding to an effective   =23 ps. 
 
3.5 Resonant Cavity Light-Emitting Transistors 
 The resonant cavity light-emitting transistor (RCLET) operated at room temperature is 
demonstrated by Wu [10] as shown in Fig 15 (a). The resonant cavity is made up of 34 pairs of  
bottom distributed Bragg reflector (DBRs) and 4 pairs top DBRs sandwiching the QW-HBLET 
structure. The epilayers consist of 35 pairs of Al0.12Ga0.88 As/Al0.9Ga0.1As DBR reflectors, 
followed by Å n+- GaAs sub-collector, and a 1000 Å undoped Al0.12Ga0.88As collector layer. The 
base layer consists of 1100 Å p+- Al0.05Ga0.95As with two undoped In0.2Ga0.8As quantum wells, 
and a 500 Å n- In0.49Ga0.51P emitter. On the top of the emitter, there are 4 pairs of 
Al0.12Ga0.88As/Al0.9Ga0.1As used for a top DBR, and an n+- GaAs cap is grown for the emitter 
contact layer [10]. The resonant cavity Q is increased by inductively coupled plasma (ICP) dry 
etching and followed by rapid oxidation to seal the sidewall [10]. The dry etching can be 
controlled and stopped at the InGaP layer because of the selective etching properties between 
GaAs/InGaP layers [10]. Next are two more wet etching steps for base/collector mesa and 
isolation, three metallization steps for emitter/base/collector contacts, one polyimide passivation 
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step, and one metal interconnection step, then the device is done [10]. A smooth and straight 
sidewall of the top DBR is essential to minimize the scattering effect.   
 
In Fig. 15 (b), the LI characteristic has shown improvement of ~ 80% over the LET 
without resonant cavity [10]. The inset in Fig. 15 (b) shows the optical spectra of a narrower 
enhanced spontaneous emission at 980nm as compared the LET without resonant cavity. The 
optical bandwidth of the resonant cavity at input emitter current IE = 60mA is 4 GHz. 
 
Fig. 15. (a) The scanning electron microscopic (SEM) image of RCLET before polyimide 
passivation. (b) The LI characteristic of RCLET and LET. (c) The frequency response of RCLET 
peak at f3dB 4 GHz bandwidth [10]. 
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4. ADVANCEMENT FROM LIGHT-EMITTING TRANSISTOR TO HYBRID LIGHT-
EMITTING TRANSISTOR 
 
4.1 Hybrid-LET High-Speed Design, Material and Layout 
The hybrid-LET is an LET with integrated passive components (RLC) for AC and DC 
voltage regulation. The regulators function to control the AC and DC signal into the LET. It also 
provides a good impedance matching to the 50 Ω source impedance [11]. Hybrid-LET is 
designed focusing mainly on low-power consumption and high-bandwidth concept. The power 
consumption for an optical bandwidth of hybrid LET f3dB 5GHz is only 7mW. 
 
The hybrid-LET are fabricated with epitaxial layer from substrate upwards consisting of a 
5500 Å n-type heavily doped GaAs buffer layer collector contact layer, a 120 Å n-type In 0.49G 
0.51P etch stop layer, a 3000 Å undoped GaAs collector layer and then followed by 1600 Å p-type 
GaAs base layer containing two 120 Å undoped InGaAs quantum well QWs designed for 
emission at λ=1000 nm. On top of the base layer, a 120 Å n-type In0.49G 0.51P emitter layer is 
then capped with GaAs and then graded In0.5Ga0.5As with total thickness of 2200 Å heavily 
doped n-type contact layer. 
 
The crystal is processed by foundry using standard photolithography masking, patterning 
and etching process. The wafer is then thinned and optically polished to 100 μm. Lastly, a micro-
lens is developed at the back of the LET active area to maximize coupling of the light output into 
multimode fiber. The wafer is scribed and breaks into chips. The hybrid-LET chip is then flipped 
and attached on ceramic substrate and printed circuit board (PCB) by Quantum Electro Opto 
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Systems (QEOS). Hybrid-LET top-side scanning electron microscope photomicrograph (SEM) 
showing cross section of device used in the SFDR measurement is shown in Fig. 16. The device 
used in this test has emitter length of 15 μm and emitter width from emitter mesa edge to emitter 
contact is 1 μm for each side. Micro-lens is fabricated at the bottom-side of the hybrid-LET to 
enhance optical extraction is shown in Fig. 17 (b) 
 
Fig. 16. Scanning electron microscope photomicrograph showing the cross section of the hybrid-
LET. 
 
Fig. 17. (a) Microscopic photos showing top view of hybrid-LET. (b) Bottom view of micro-lens 
of hybrid-LET. 
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 4.2 Three-Port DC and RF Characteristic 
The measurement setup is as illustrated in Fig. 18. The LET is operating in common 
emitter configuration. The LET is mounted on a PCB with surface mounted SMA connected at 
the edge of the PCB. The B-E port and C-E port are modulated with both RF and DC signal 
using bias tee (BT). A network analyzer is used as the RF modulation source and a 
semiconductor parametric analyzer is used as the DC source. The light output is coupled from 
the bottom of the LET using optical fiber into a lightwave power meter (PM) for DC 
measurement. To characterize the optical response of the LET, an optical switch is used to divert 
the optical light from lightwave power meter to high-speed photoreceiver (PD) for RF 
measurement. This method ensures the coupling efficiency of the device does not vary and thus 
provides a good correlation between radio-frequency (RF) and direct current (DC) measurement. 
The electrical output from the high-speed photoreceiver is amplified using single-stage 20dB 
gain amplifier (A) before connecting to the network analyzer. 
 
Fig. 18. Equipment set up for Hybrid-LET DC and RF measurement. 
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Fig. 19. (a) IE-V characteristic. (b) L-IE of Hybrid-LET operating in common emitter 
configuration. (c) Hybrid-LET optical response at different base current (IB) bias.  
 
 The micro-lens fabricated at the back of the hybrid LET significantly enhances the 
coupling of light into the fiber. The optical bandwidth of the hybrid-LET operating at IE 2.8 mA 
and IB 1mA is f3dB at 4 GHz. At higher bias of IE 5 mA and IB 1.5 mA the optical bandwidth 
increases to f3dB at 5.5 GHz. Further increase of the biasing to IE 7.8 mA and IB 2 mA reduces the 
f3dB to 5.2 GHz. This is because the passive RLC components best match at base current IB 1.5 
mA. 
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4.3 Eye Diagram Signal Integrity of Hybrid-LET for High-Speed I/O Link 
The same hybrid-LET used in S-parameter measurement is used to perform the digital 
link measurement. However, a different photo-detector which is more suitable for digital 
modulation has been used. The measurement setup is shown in Fig. 20. 
 
Fig. 20. Hybrid-LET schematic diagram showing the measurement setup used to perform digital 
eye diagram measurement. 
 
The overall hybrid-LET and photodetector link response at input base current IB 1 mA is 
reduced from 4 GHz to 1.9GHz as shown in Fig. 19 and Fig. 21. The overall optical link 
performance is low because of the photodetector bandwidth. The pattern generator is set to 
modulate the hybrid-LET with a pseudo-random binary sequence 2
7
 -1 (PRBS7) waveform and 
0.5Vpp amplitude. A pseudo random binary sequence (PRBS) is mathematically randomized bit 
stream so that it is well neutralized and balanced data. The modulation speed used in 
characterizing the hybrid-LET is 2Gbps, 2.5Gbps and 3Gbps. The eye diagram measurement 
obtained from the oscilloscope is shown in Fig. 22. 
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Fig. 21. Optical response of a full link of a LET coupled to a detector. 
 
The hybrid-LET is biased with a fixed input base current (IB) at 1 mA and the modulation 
speed is varied at 2.0 Gbps, 2.5 Gbps and 3.0Gbps. As shown in Fig. 22, when the modulation 
speed increases from 2.0 Gbps, 2.5 Gbps and 3.0 Gbps, the eye height reduces from 128.1 mVpp 
to 108.9 mVpp and 84.0 mVpp and the eye width also reduces from 372.7 ps to 265.9 ps and 
177.2 ps respectively. The main reason for reduction in eye height and eye width is the higher 
deterministic and random jitter at higher modulation as shown in the purple dots in Fig. 22. Jitter 
is the undesired deviation from the input periodic signal in electronics and telecommunication. 
Random jitter is contributed in a Gaussian distribution and is an unpredictable timing error such 
as thermal noise and shot noise. However, deterministic jitter is predictable and reproducible and 
can be correlated to the data input (data-dependent jitter) or uncorrelated to the data input 
(bounded-uncorrelated jitter). Among the types of data-dependent jitter are intersymbol 
interference and duty cycle distortion. 
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Fig. 22. Eye diagram measurement of the hybrid-LET biased at input base current (IB) 1mA. The 
voltage modulation is set at 0.5Vpp and different modulation speed (a) 2.0Gbps, (b) 2.5Gbps, (c) 
3.0Gbps. 
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4.4 Spur-Free Dynamic Range of the Hybrid-LET for Analog Link 
Photonic devices are commonly used in digital transmission over fiber optic cables but 
the ability to transmit analog signals is also of interest for a growing range of applications. The 
market for analog optical links has experienced steady growth over the past 15 years for many 
applications such as RF-over-fiber, analog links for cable television (CATV) signals, and 
military markets. The need to expand network capacity has also led to the exploration of 
advanced modulation formats that put further demands on device performance.  Among the 
criteria for good analog links are low relative intensity noises (RIN) and high spur free dynamic 
range (SFDR). This is the first report of the spur-free dynamic range (SFDR) of light-emitting 
transistors (LET).  The transistor laser (TL), a laser version of the LET, has shown superior low 
relative intensity noise (-151 dB/Hz) at frequency 8.6GHz [12]. The goal of this work is to 
investigate hybrid-LET spur free dynamic range for potential use in microwave analog optical 
links. 
The hybrid-LET is a LET with integrated passive components (RLC) for AC and DC 
voltage regulation. We have performed hybrid-LET SFDR measurements at different base 
currents to study the optimum bias condition for highest dynamic range. The highest reported 
SFDR (IM3) for an edge-emitting distributed feedback (DFB) laser emitting at 1300 nm is 
100dBHz
2/3
 for frequencies below 1GHz [13] and for a vertical cavity surface emitting (VCSEL) 
laser emitting at 850nm is 113dB-Hz
2/3 
[14]. For 1550nmVSCELs, the highest IMD3 SFDR 
reported is 81dB-Hz
2/3
[15]. The highest SFDR of an LED reported to date is 39dB at 100MHz 
using single tone measurement [16]. This work shows that hybrid-LETs have significantly better 
SFDR performance than LEDs, and similar performance to 1550nm VCSELs. 
 
29 
 
SFDR is defined as dynamic range difference in dB between the minimum discernible 
signal and the signal that causes a specified amount of harmonic distortion. In our measurement, 
we use Agilent PNA-X to generate the two-tone signal at 0.995GHz and 1.005GHz and modulate 
the base of the hybrid-LET.  The modulated optical light from hybrid-LET is coupled with 
multimode fiber to high-speed photo-detector to convert optical signal to electrical signal and 
receiver by PNA port 2. The second order (IM2) and third order (IM3) harmonics on the optical 
output are characterized. At a base current (IB) of 3 mA, we measured a SFDR (IM2) of 70.6 dB-
Hz
1/2
 and a SFDR (IM3) of 86.3 dB-Hz
2/3
 as shown in Fig. 23. The 2
nd
 order intercept point 
(IP2) and 3
rd
 order intercept point (IP3) correspond to the extrapolated input power level or 
output power level at which the 2
nd
 and the 3
rd
 order intermodulation products would exhibit the 
same power level as the fundamental tone power [17]. We also observed that the spur-free 
dynamic range of the hybrid-LET increases linearly with bias as shown in Fig. 24 and tabulated 
in Table 1.  
 
Fig. 23. Two tone 0.995 and 1.005GHz spur free dynamic (SFDR) measurement of 
hybrid-LET at base current bias (IB) 3mA [18]. 
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TABLE 1: Summary of hybrid light emitting transistor (Hybrid-LET) spur free dynamic range 
characteristic [18]. 
 
 
 
Fig. 24. SFDR for IM3 and IM2 of the hybrid-LET at different emitter current bias (IE) [18]. 
We further compare hybrid-LET optical bandwidth and SFDR performance with the 
conventional light-emitting diode. The optical bandwidth of the hybrid-LET is 5 GHz as 
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compared to the LED which is 70 MHz as shown in Fig. 25. Using the same measurement setup 
we analyze the SFDR dependency of hybrid-LET and LED at different emitter bias at 
fundamental frequency at 60 MHz and 61 MHz as shown in Fig. 26. The fundamental tones are 
chosen to be close to f3dB of LED. At emitter current 7 mA, hybrid-LET IM2 and IM3 SFDR is 
higher than LED approximately by 20 dB-Hz
1/2
 and 19 dB-Hz
2/3
 respectively.  
 
Fig. 25: Measured optical microwave response of light-emitting transistor (hybrid-LET) and light 
emitting diode (LED) at current 13mA. 
 
32 
 
 
Fig. 26. Spur-free dynamic dependency of HYBRID-LET and LED at different emitter bias at 
fundamental frequency at 60MHz and 61MHz. (a) Measured SFDR2 of light-emitting transistor 
(Hybrid-LET) and light-emitting diode (LED). (b) SFDR3 of light-emitting transistor (Hybrid-
LET) and light-emitting diode (LED) [18]. 
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5. MONOLITHIC ELECTRONIC-PHOTONIC INTEGRATED CIRCUIT USING THE 
LIGHT-EMITTING TRANSISTOR 
 
5.1 Temperature Dependency Measurement of the Light-Emitting Transistor Optical 
and Electrical Small-Signal Modulation Characteristic 
Operating temperature range is an important criterion for high-speed modulation for data 
link. Typical temperature range for communication systems requires photonic devices to operate 
at least from 20°C to 80°C. It is therefore important to characterize the photonic devices 
temperature dependency to determine the optical power budget and bandwidth link budget 
requirement. 
 
Although there are many publications which discuss temperature-dependent 
characteristics of semiconductor lasers, there are very few papers which describe the small-signal 
characteristic of both electrical and optical effect relating to temperature and frequency. In 
addition, there are no photonic devices which have three-port characteristic (electrical input with 
both electrical and optical output) other than light-emitting transistor (LET) and transistor laser, a 
laser version of the light-emitting transistor. The LET, invented in 2003 by Holonyak and Feng, 
came from recognition that transistor base recombination in a direct-gap material generates light 
related to the applied signal [5]. In this paper, we present the temperature dependency of the 
light-emitting transistor (LET) on both optical and electrical characteristics at various 
frequencies. 
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The LETs are fabricated with epitaxial layer from substrate upwards consisting of a 5500 
Å n-type heavily doped GaAs buffer layer collector contact layer, a 120 Å n-type In 0.49G 0.51P 
etch stop layer, a 3000 Å undoped GaAs collector layer and then followed by 1600 Å p-type 
GaAs base layer containing single 120 Å undoped InGaAs quantum well QWs designed for 
emission at λ 1000 nm. On top of the base layer, a 120 Å n-type In0.49G 0.51P emitter layer and 
then capped with GaAs and then graded In0.5Ga0.5As with total thickness of 2200 Å heavily 
doped n-type contact layer. The crystal is processed by foundry using standard photolithography 
masking, patterning and etching process. The wafer is then thinned and optically polished to 150 
μm. 
 
 
Fig. 27. Equipment set up for temperature dependent LET measurement. 
 
The measurement setup is as illustrated in Fig. 27. LET is operating in common emitter 
configuration. LET is placed on top of thermal chuck and the B-E port and C-E port are probed 
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using microwave probes. The B-E port and C-E port are modulated with both RF and DC signal 
using bias tee (BT). We use network analyzer as our RF modulation source and semiconductor 
parametric analyzer as our DC source. The light output is coupled from the top of the LET using 
lens fiber into lightwave power meter (PM) for DC measurement. An optical switch is used to 
divert the optical light from lightwave power meter to high-speed photoreceiver (PD) for RF 
measurement. This method ensures a good correlation between radio-frequency (RF) and direct 
current (DC) measurement. The electrical output from the high-speed photoreceiver is amplified 
using single-stage 20dB gain amplifier (A) before connecting to network analyzer. 
 
The optical response of LET at various temperatures is plotted in Fig. 28. The optical 
response, H (f) may be expressed as ( )   
  
   
 
     
 , where    is the electrical to optical 
conversion efficiency, and      is the bandwidth at -3dB and is related to an effective base 
carrier recombination lifetime    by the relation       
 
    
 .  
 
Fig. 28. Temperature dependence of LET optical response at base current (IB) 1mA. 
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Fig. 29. Base recombination lifetime and optical power dependency on temperature at base 
current (IB) 1mA. 
 
Base carrier recombination lifetime    and optical power dependency on temperature are 
shown in Fig. 29. Among the important mechanisms that cause the reduction of optical power is 
the thermally activated electron escape from QW (thermionic emission) [19].
 
This process 
reduces the overall carrier capture efficiency especially in our case, single QW design. The 
derivation of thermionic emission lifetime,    , from a quantum well can be found elsewhere 
[20]. Assuming the carriers obey Boltzmann statistics and have bulk-like properties in the 
barrier,     can be express as     (
      
 
   
)    (
  
   
), where    is the effective barrier height, 
  is the carrier mass,   is the Boltzmann constant and   is temperature in K. 
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LET small signal current gain as shown in Fig. 30 also indicates that less radiative 
recombination has occurred because of the surge of collector current (IC).   
 
Fig. 30. Small signal current gain and optical power dependency on temperature at base current 
(IB) 1mA. 
 
LET is a tilted charge device with electrical collector (reversed-biased BC-junction) in 
competition with base recombination. Because of the transistor action, the injected minority 
carriers that do not radiatively recombine in the QW will be collected at the BC-junction. The 
phenomenon of base carrier lifetime decreasing with the increase of temperature can be 
explained in terms of RC time product constant.  The combined capacitance and resistance (RC 
time constant product) influences the high speed operation of the LET [20]. 
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Input return loss,    , is related to device input impedance,   , using     
     
     
, where 
  is the input impedance of LET and       Ω is the characteristic impedance of our 
measurement system. We measured the input return loss,    , of LET increases with temperature 
as shown in Fig. 31. At low frequency, the impedance of device varies significantly due to 
temperature changes; however at higher frequency the change of impedance is less significant. 
For example, at base current (IB) 1mA, the LET input impedance at 0.5GHz for 20°C is 42 Ω and 
at 80°C is 43 Ω. 
 
In general, LET has small charge storage capacitance because the electrons quickly 
diffused out of the thin base layer and the base current resupplied holes via relaxation to 
neutralize charge imbalance due to recombination process. Charge storage capacitance is 
inversely proportional with temperature [21]. Hence, the overall RC time constant product 
reduces and thus explains the reduction of base recombination lifetime,   . 
 
Fig. 31. Input return loss of LET at various temperatures at base current (IB) 1mA. 
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We also would like to note the potential usage of LET as a three-port device, either as an 
electrical input-optical output (E/0) device or an electrical input-electrical output (E/E) device. 
LET still exhibit good electrical gain (S21) as shown in Fig. 32. 
 
 
Fig. 32. Small signal gain (S21) of LET at different temperature at base current (IB) 1mA. 
 
5.2 Optical and Electrical Bandwidth Measurement Dependency on Different Light-
Emitting Transistor Topologies 
The transistor discovered by Bardeen and Brattain in 1947 is now one of the most 
important electronics components, generating billions of revenue each year [22]. Different 
transistor topologies such as common emitter (CE), common base (CB) and common collector 
(CC) have been used for various applications. Common emitter (CE) with emitter degeneracy is 
the most commonly used topology because of high stability, low noise and ease of impedance 
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matching. Common base (CB) topology on the other hand has low input impedance and high 
frequency response characteristic and thus it is popular for high speed amplifier where the low 
input impedance can be tuned to match the system input impedance which is typically 50Ω. 
Common collector (CC), however, has slightly lower frequency than common base but higher 
than CE topology and is commonly used as voltage buffer.  
 
In 2003, Holonyak and Feng discovered the light-emitting transistor (LET) from their 
recognition that the transistor base recombination in a direct-gap material generates light related 
to the applied signal [5].
 
This important discovery has led to the potential of a 3-port (electrical 
input-optical output [E/O] and electrical input-electrical output [E/E]) device [5]. In this section, 
we will demonstrate the unique 3-port characteristic of LET with different transistor topologies. 
 
The LETs are fabricated with epitaxial layer from substrate upwards consisting of a 5500 
Å n-type heavily doped GaAs buffer layer collector contact layer, a 120 Å n-type In 0.49G 0.51P 
etch stop layer, a 3000 Å undoped GaAs collector layer and then followed by 1600 Å p-type 
GaAs base layer containing single 120 Å undoped InGaAs quantum well QWs designed for 
emission at λ 1000 nm. On top of the base layer is a 120 Å n-type In0.49G 0.51P emitter layer 
which is capped with GaAs and then graded In0.5Ga0.5As with total thickness of 2200 Å heavily 
doped n-type contact layer. The crystal is processed by foundry using standard photolithography 
masking, patterning and etching process. The wafer is then thinned and optically polished to 150 
μm. 
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 The measurement setup in Fig. 33 illustrates an LET operating in common emitter (CE) 
topology. In common emitter (CE) topology, the collector terminal is connected to node 1 and 
node 2 is connected to base terminal. The emitter terminal is DC and AC grounded. LET is 
placed on top of thermal chuck and the B-E port and C-E port are probed using microwave 
probes. The B-E port and C-E port are modulated with both RF and DC signal using bias tee 
(BT). We use network analyzer as our RF modulation source and semiconductor parametric 
analyzer as our DC source. The light output is coupled from the top of LET using lens fiber into 
lightwave power meter (PM) for DC measurement. An optical switch is used to divert the optical 
light from lightwave power meter to high-speed photoreceiver (PD) for RF measurement. This 
method ensures a good correlation between radio-frequency (RF) and direct current (DC) 
measurement.  
 
Fig. 33. Equipment set up for LET different topologies measurement.  
 
The electrical output from the high-speed photoreceiver is amplified using single-stage 
20dB gain amplifier (A) before connecting to network analyzer. As for common base (CB) 
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topology, node 1 is connected with collector (C) terminal while node 2 is connected with emitter 
(E) terminal and base terminal is connected to ground. The biasing of common collector is 
similar to CE topology except that the emitter terminal is connected to node 1 and collector 
terminal is grounded. 
 
Standard HBT small signal model such as hybrid-   model and T-model cannot describe 
LET completely [22]. LET time-variation of charge storage 
  
  
 in the base is different from the 
HBT. In the HBT, there is only an “electrical” collector at reverse bias BC-junction. However, in 
LET, there are QWs which serve as “optical” collectors as well as the electrical collector.  From 
the charge control model of the transistor laser, a simulated emission version of the LET is 
described elsewhere [23]; the insertion of QW into the base region enhances the optical light 
output but increases the overall charge storage in the base region. The intrinsic base current can 
be written as   ( )  
  
  
 
 
      
. 
 
To model the additional charge storage in the base due to the QW, we have included 
additional RC charging time and current source in our small signal equivalent circuit. We begin 
modeling the LET in CE topology and compare with measurement data. The model generated 
fits both the magnitude and phase of S-parameter as shown in Fig. 34 (a) and (b). The optical 
response can be express as ( )   
  
   
 
     
,  where    is the electrical to optical conversion 
efficiency, and      is the bandwidth at -3dB and is related to an effective base carrier 
recombination lifetime    by the relation       
 
    
 . We do not publish our LET model, but a 
similar small signal equivalent model for TL has been developed elsewhere [24]. 
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Fig. 34. (a) Measurement and simulation of input reflection coefficient, S11 of common emitter 
(CE) LET at operating bias of emitter current (IE) 4mA. (b) Smith chart indicating the LET 
model fits the device’s measured impedance match and phase. 
 
 
Fig. 35. (a) Comparison of measured value with simulation data of output reflection coefficient, 
S22 of common emitter (CE) LET at operating bias of emitter current (IE) 4mA. (b) Smith chart 
indicating the LET model fits the device’s measured impedance match and phase. 
(a) (b) 
(a) (b) 
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Fig. 36. (a) Comparison of measured value with simulation data of voltage gain, S21, of common 
emitter (CE) LET at operating bias of emitter current (IE) 4mA. (b) Smith chart indicating the 
LET model fits the device’s measured impedance match and phase. 
 
From the CE small signal model as shown in Fig. 34, Fig. 35 and Fig. 36, the CB and CC 
stimulation is performed by merely changing the connection nodes similar to the measurement 
methodology. We found our LET CE model fits accurately with different topologies such as CB 
and CC. All the electrical and optical response fits accurately as shown in Figure 37. This model 
development indicates a huge milestone as we no longer need to fabricate the LET with different 
topologies in the future. We can easily predict the results for other topologies by fabricating 
either one of the topologies. Furthermore, we have found the close relationship between 
electrical and optical f3dB response is very close and this shows potential for monolithic opto-
electro integrated circuit (OEIC). 
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Fig. 37. LET measurement data of CC and CB topologies comparison with small signal model 
from CE topologies at fix emitter biasing (IE) 16mA.  The electrical characteristics of LET input 
return loss, output return loss and voltage gain are shown in Fig. 37 (a), (b), (c) and optical 
characteristic in Fig 37 (d). 
 
The LET’s CE topology has the lowest optical bandwidth due to Miller’s capacitance 
multiplication effect but high optical power due to moderate input impedance and high current 
gain. Although CB topology has highest optical bandwidth, the optical power is low due to low 
current gain. CC topologies seem to have no advantages in terms of speed and optical power but 
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generate two sets of identical  optical responses and optical power input from BC junction and 
EC junction. This gives CC topologies potential for differential signaling. From input return loss, 
    data, device input impedance,    can be found using     
     
     
, where    is the input 
impedance of LET and       Ω is the characteristic impedance of our measurement system as 
shown in Table 2. 
 
Table 2: Summary of LET Different Topologies Electrical and Optical Response 
 
 
5.3 From Light-Emitting Transistor to Light-Emitting and Detecting Transistor  
The recent discovery of light emission from the HBT that is in phase with the applied 
signal has opened up another potential to use the light for high-speed optical communication. 
The LET operates as a three-port device (an electrical input, an electrical output, and a third port 
optical output). In order to enable monolithic optical interconnects on chip-level, we have 
modified the LETs epilayers to function both as a multi-GHz light emitter and light detector. The 
light-emitting and detecting transistor (LEDT) is a five-port device (an electrical input, an optical 
input, an electrical output, an optical output and a fifth port electrical output port). The LEDT 
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advantages include the capability to amplify the weak incident light and to function as an optical 
and electrical mixer. It can also be fabricated using standard LET growth and fabrication 
processes. 
 
In the microwave range the LEDT operates in common-emitter mode and is characterized 
by on-wafer probing S-parameter measurement from 10 MHz to 10 GHz. Under emitting mode, 
the LEDT is biased at input base current IB of 1.5 mA and 3.0 mA. The optical responses of the 
LEDT corresponding to the IB 1.5 mA and IB 3.0mA are 0.47 GHz and 4.2GHz as presented in 
Fig. 38.  
 
 
Fig. 38. The optical response of LEDT operating in emitting mode with base input current IB 1.5 
mA and IB 3.0 mA.  
48 
 
When a modulating optical signal is shined at the active area of the LEDT, it generates 
photocurrent as shown in Fig. 39. The photo-response of an LEDT can be increased or reduced 
by controlling the base current (IB). The electrical bandwidth measured at VBE = 0 V and fixed 
VCE = 2.5V is 4.3 GHz. This electrical speed is actually limited by the optical bandwidth of the 
laser used in this experiment. However, when the base current (IB) is increased, the resulting 
electrical response is lowered. The LEDT detecting mode is faster than the emitting mode 
because the light emission is strongly dependent on active area geometry. The LEDT detecting 
mode, in contrast, depends on the epilayer design.  
 
 
Fig. 39. The electrical response of LEDT operating in detecting mode with base input current 
increases from IB 0 mA (VBE=0V) to IB 3.0 mA with a step increase of 0.5mA. The inset shows 
the active area of the LEDT. 
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Fig. 40. The electrical response of LEDT illuminated with different optical light intensity. LEDT 
is biased with input base current at (a) VBE = 0 V, (b) IB = 1.5 mA, (c) IB = 3.0 mA. 
  
Further analysis of the LEDT has shown that the electrical bandwidth generated by the 
photocurrent does not depend on the incident light intensity.  At VBE= 0V, IB=1.5 mA and IB 3.0 
mA, the optical response, f3dB, is 4.3GHz, 0.72GHz and 0.63 GHz respectively as shown in Fig. 
38.  However, the photo-response will reduce and the electrical signal becomes noisier when the 
optical power intensity is reduced. We planned to integrate a waveguide structure to couple the 
light from a LEDT to another LEDT for fully integrated photonic links. 
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5.4 Opto-Electronic Integrated Circuit (OEIC) Design and Characterization with the 
Light-Emitting Transistor 
Opto-electronic integrated circuits (OEICs) for communication application which 
consisted of a buried heterostructure GaAs/GaAlAs laser were fabricated monolithically with a 
field-effect transistor and demonstrated in 1978 [25]. The transistor was used to supply and 
control the laser injection current. Since then, numerous researches have been done in OEIC 
where the integration of photonic devices such as laser, light-emitting diode and photo-detectors 
with electronic devices such as heterojunction bipolar transistor (HBT) and field effect transistor 
(FET). Among OEIC’s advantages [26] are higher speed and lower noise performance due to the 
reduction of parasitic reactances from the interfacing of the photonic devices with the electronic 
circuits. The integration of electronic signal-processing circuits expands the function of 
optoelectronic devices more than converting optical signals into electrical ones and vice versa. In 
addition, monolithic integration of optoelectronic and electronic devices on a single chip makes 
it feasible for mass-production and simplifies overall system assembly with more compact 
package and thus lower the assembly cost. Thus, OEICs have vast potential for applications such 
as optical interconnection between boards and chips, and also within the chip [27, 28].  However, 
monolithic integration of photonics with electronic circuits has not yielded high-performance 
integrated devices. Many researches have been performed on modified CMOS technology but 
achieved limited photonics performance [29].  
 
In this work, we have demonstrated the first monolithic light-emitting transistor (LET) 
integration with HBT within a single chip. We also have shown the capability of LET electrical 
output to drive subsequent photonic and electronic devices. The LET was invented in 2003 by 
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Holonyak and Feng from the recognition that transistor base recombination in a direct-gap 
material generates light related to the applied signal [5, 6]. LET generates relatively strong 
optical output of ~ 1000 nm wavelength with highest modulation speed of 4.3GHz at room 
temperature [8]. The tilted charge light-emitting transistor (TCLED), a diode version of the LET, 
set the speed record of 7GHz at room temperature [9], and the transistor laser (TL), a stimulated 
emission version of the LET, can modulate at 17GHz, 0°C [30]. The LET not only exhibits both 
the electrical characteristic of transistor and simulated or spontaneous optical output, but also has 
similar electrical and optical bandwidth. Hence, the LET has huge potential for an array of 
digital communication and signal processing with both electronic circuits and optical 
components side-by-side on a single chip. 
 
The LETs are grown on a (100) semi-insulating GaAs substrate with an epitaxial layer 
structure consisting of a 5500 Å n-type heavily doped GaAs collector contact layer, a 120 Å n-
type In0.49G0.51P etch stop layer, a 3000 Å undoped GaAs collector layer followed by a 1600 Å p-
type GaAs base layer containing two 120 Å undoped InGaAs quantum well QWs designed for 
emission at λ=1000 nm, and a 120 Å n-type In0.49Ga0.51P emitter layer capped with a total 
thickness of 2200 Å of GaAs and a graded heavily n-type In0.5Ga0.5As contact layer. The crystal 
is processed using standard photolithographic masking, patterning and etching processes. The 
wafer is then thinned and polished to 150 μm.  
 
LETs can be integrated in various electrical circuitry. We fabricated two of many 
potential LET electronic-photonic integration designs as shown in Fig. 41 (a) and (b). In design 
A, we have demonstrated the integration of HBT to drive our TCLED. The HBT operating in 
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common emitter mode is used to provide good impedance matching with 50 Ω source and also 
provides an amplified output signal to drive TCLED. In design B, we have demonstrated the 
potential of electrical output of the first LET to drive the subsequent LET and at the same time 
have an array of two modulated optical outputs.  
 
  
Fig. 41. (a) Monolithic OEIC of HBT-TCLED (Design A). (b) Monolithic OEIC of two LETs 
(Design B). 
 
The measurement setup is illustrated in Fig. 42. The LET operates in common emitter 
configuration. The LET is placed on top of a chuck and the B-E port and C-E port are probed 
using microwave probes. The B-E port and C-E port are modulated with both RF and DC signal 
using bias tee (BT). We use a network analyzer as our RF modulation source and semiconductor 
parametric analyzer as our DC source. The light output is coupled from the top of the LET using 
lens fiber into lightwave power meter (PM) for DC measurement. An optical switch is used to 
divert the optical light from lightwave power meter to high-speed photoreceiver (PD) for RF 
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measurement. This method ensures a good correlation between radio-frequency (RF) and direct 
current (DC) measurement. The electrical output from the high-speed photoreceiver is amplified 
using single-stage 20dB gain amplifier (A) before connecting to the network analyzer. 
 
 
Fig. 42. Equipment setup for temperature dependent LET measurement. 
 
In design A, the HBT functions as a current injector to control the biasing of the TCLED. 
The amplified output voltage of the HBT, operating in common emitter topology, is used to 
modulate the TCLED. We measured the DC characteristic of current and optical light output 
from our monolithic OEIC design A as shown in Fig. 43. 
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Fig. 43. Design A current and optical light output of monolithic OEIC-TCLED. 
 
We calculated individual device frequency responses, namely TCLED and HBT, to 
predict the optical response of design A HBT-TCLED as shown in Fig. 44. Design A optical 
response, f3dB, was measured at 0.5 GHz.  
 
Fig. 44. Design A monolithic HBT-TCLED optical bandwidth biased at HBT input voltage 1.5V 
and TCLED with voltage of 3.05V. 
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The optical response has low speed partly due to our HBT having frequency response of 
about 0.7MHz. We could potentially increase the device bandwidth in the future by increasing 
HBT gain and bandwidth by proper high speed layout and HBT geometry design.  
 
In addition, LET electrical output can also be used to modulate subsequent photonics or 
electronics devices.  To illustrate this, we designed a monolithic OEIC-LET design; design B, 
integrating two LET. The first LET electrical output is used to modulate the subsequent LET and 
the DC results of design B is shown in Fig. 45.  
 
 
Fig. 45. Design B current and optical light output of monolithic OEIC-LETs with base current 
step increment of 0.5mA, starting from 0.5mA. 
 
Similarly, we calculated individual device frequency responses, namely LET and LET, to 
predict the optical response of design B OEIC-LETs as shown in Fig. 46. Design B optical 
response, f3dB, was measured at 0.2GHz. Our optical response is low partly due to our LET’s 
active area being large and resulting in high capacitance and resistance. We would further 
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optimize our high-speed layout design as well as LET active area to enhance the bandwidth 
performance. 
 
Fig. 46. Design B monolithic OEIC-TCLED optical bandwidth biased at first LET base input 
voltage 2.75V and second LET with collector voltage of 2.2V. 
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6. CONCLUSION 
 
The optical interconnects for short-haul communications require solutions which are low 
cost, low power consumption and high bandwidth. The primary advantages of the light-emitting 
transistor (LET) include simplicity of device structure, low power consumption, ease of 
fabrication, low cost of assembly, and high bandwidth. Hybrid- LET highest optical bandwidth is 
currently 5GHz with input emitter current (IE) of 5mA. We have demonstrated the flexibility of 
the LET for use with different transistor topologies while maintaining the transistor functionality. 
The LETs have good optical bandwidth stability over a wide range of temperature. In addition, 
the integration of a HBT with a LET provides the potential of the LET to be integrated with 
electronic components. This is a preliminary effort towards the realization of a monolithic 
integrated electronic-photonic circuit using LETs.  
 
Future research will aim to improve on the optical bandwidth of the hybrid-LET and to 
integrate more electronic functionality with the LET. Lastly, we would like to develop a five-port 
LET that has both emitting and detecting capability. 
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